Abstract -A variable structure compensator is designed for the closed loop feedback control system of a robotic manipulator with uncertain dynamics. It is shown that the closed loop system with a variable structure compensator not only behaves with a strong robustness property with respect to large uncertain dynamics, but also makes the output tracking error converge to zero asymptotically.
Introduction
In this paper, we develop a new robust tracking control scheme using a variable structure compensator in the closed loop feedback control system for the robotic manipulators. In this scheme, a robotic manipulator is treated as a partially known system. The known dynamics are separated out and used to perform a linearization on the nonlinear robotic manipulator system. Then, a nominal feedback controller is designed based on the nominal system and a variable structure compensator is designed to eliminate the effects of unknown portion of the plant.
Unlike most feedback control schemes in [2], the closed loop system using the proposed control scheme in this paper behaves with a strong robustness property with respect to large system uncertainties, and guarantees that the output tracking error asymptotically converges to zero. In most variable structure control schemes, upper and lower bounds of system parameters are required to design a variable structure controller. However, in this paper, only a system uncertainty bound is used in the design of the variable structure compensator.
Problem formulation
Consider the dynamics of an n-joint robotic manipulator described by the following secondorder vector differential equation
where q E R" is the vector of joint angular positions, J(q) E RnXnis a symmetric positive-
definite inertia matrix, H(q, q) E R" is the vector of Coriolis and centrifugal forces, G(q) E R" is the vector of gravity torques, and u(t) E R" is the vector of joint input torques.
T.
can be written in terms of state variable as follows
Considering system uncertainties, F(X) and B(X) can be expresses as (2.5)
where Fo(X) and Bo(X) are known, which are built using known parts of the system (for example, the estimates of system parameters) and output measurements .
r E S , E RP is an uncertainty parameter vector which can be time-variant, S , is a known and bounded set, referred to as the uncertainty bounding set. AF(X, r) and AB(X, r) are system uncertainties.
The nominal system with no uncertainties is defined as For further analysis, the following assumptions are used in this paper.
A 1 State vectors X and Xm have the same initial values.
A 2 There exist matrices D(X, r) E Rnxl and E(X, r) E Rnxn such that for all X E R2" a n d a l l r e S ,
The objective of this paper is to develop a robust tracking control scheme which ensures that the tracking error E(t) = q -q, converges to zero asymptotic ally.
A tracking control scheme
The control system design in this paper is divided into two parts. First, a nominal feedback controller is designed based on the nominal system model. Second, a variable structure compensator is designed to eliminate the effect of large uncertain dynamics so that the output of the closed loop system with uncertain dynamics asymptotically converges to the desired reference signal. Let the nominal feedback control based on the nominal system (2.9) have the following form
where e = X -Xm, K is a feedback matrix which is designed later, Q(x) is used to cancel the nonlinearities of the nominal system.
Using expressions (2.13), (2.9) and (3.1), we get the error dynamics equation for nominal system (2.9) as follows Because matrix A, is asymptotically stable, output error e(t) for the nominal system asymptotically converges to zero.
Next, we let the control input in system (2.1) have the following form (3.5)
where U, is the nominal feedback control given in expression (3.1), and u2 is a compensator to deal with the effects of system uncertainties.
Using expression (3.5) in expression (2.2), state equation of the closed loop system with uncertain dynamics can be written in the form
The error dynamics of the closed loop system with uncertainties is then derived by e = Ale + Bou2 + Bo@ + Eu, + Eu2) (3.7)
In order to use the variable structure theory to design the compensator u2, we define a set of switching hyperplane variables
and matrix CB, is assumed to be non-singular. For the design of the compensator u2 and the convergence of error dynamics (3.7), we have the following theorem.
Theorem: Consider error dynamics (3.7) for the closed loop system (3.6) with uncertainties.
If the nominal feedback control u1 is given by expression (3.1) and the compensator u2 is designed as follows Remark2: To eliminate the effects of chattering in the control input, the following boundary layer compensator can be used in place of expression (3.10). 
Conclusion
A robust tracking control scheme is proposed for robotic manipulators in this paper. Robustness with respect to large system uncertainties and asymptotic convergence of the output tracking error are obtained by the use of the proposed control scheme.
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